Recent theoretical work predicts that the quantum-limited noise figure of a x ͑3͒ -based fiber-optical parametric amplifier operating as a phase-insensitive in-line amplifier or as a wavelength converter exceeds the standard 3-dB limit at high gain. The degradation of the noise figure is caused by the excess noise added by the unavoidable Raman gain and loss occurring at the signal and the converted wavelengths. We present detailed experimental evidence in support of this theory through measurements of the gain and noise-figure spectra for phase-insensitive parametric amplification and wavelength conversion in a continuous-wave amplifier made from 4.4 km of dispersion-shifted fiber. The theory is also extended to include the effect of distributed linear loss on the noise figure of such a long-length parametric amplifier and wavelength converter.
Fiber-optical parametric amplifiers (FOPAs) are currently the subject of much research for use in wavelength conversion 1 and eff icient broadband amplification. 2 They are also candidates for performing all-optical network functions. 3, 4 Advances in the manufacture of microstructure and other highly nonlinear fibers have led to improvements in the gain slope 5, 6 of FOPAs, and refinements in the pumping techniques have permitted improvements in the noise figure (NF). 1, 7, 8 To date, to our knowledge, the lowest published NF measurements in phase-insensitive operation of a x ͑3͒ amplif ier have been 3.7, 9 3.8, 1 and 4.2 dB. 7 A FOPA may suffer from one or more technical impairments that add excess noise to the signal being amplified. These impairments can include injection of amplified spontaneous emission (ASE) at the signal wavelength from the erbium-doped fiber amplifier (EDFA) used to amplify the pump, and saturation of the FOPA, which produces higher-order four-wave-mixing products. Gain modulation due to pump f luctuations can also degrade the performance of a FOPA.
Although the above impairments can be eliminated through good design, fundamental quantum noise will remain. Our recent theoretical work has shown that the quantum-limited NF of a FOPA operated phase insensitively, as is typically the case, or as a wavelength converter (WC), exceeds the standard 3-dB limit at high gains due to the Raman effect. 10, 11 The degree to which the NF exceeds the 3-dB limit increases with pump-signal detuning (up to the Raman gain peak), with an increasing fraction of the highRaman-gain material in the f iber (such as germanium) and with temperature. Previously, we measured the NF of a quasi-cw parametric amplif ier at a f ixed pump-signal detuning by use of a technique called optical homodyne tomography. 9 The measured NF of 3.7 dB was in excellent agreement with the theoretical prediction. 10, 11 In this Letter we present the f irst detailed experimental evidence in support of this theory through measurements of the NF spectra for parametric amplif ication and wavelength conversion in a cw FOPA made from 4.4 km of dispersion-shifted fiber (DSF). The theory is also extended to include the effect of distributed linear loss on the noise f igure of such a long-length parametric amplifier and wavelength converter. Our measurements show good agreement with predictions of the extended theory.
When a FOPA is operated in a phase-insensitive configuration as an amplifier, a coherent-state input signal is injected on the Stokes (anti-Stokes) side while no light is injected on the anti-Stokes (Stokes) side. The NF is then defined as NF PIA ϵ SNR in, j ͞SNR out, j , where j s͑a͒ if the signal frequency is on the Stokes (anti-Stokes) side and SNR is the signal-to-noise ratio. When the input-signal photon number in the measurement bandwidth is much greater than the amplifier gain, one can obtain the following expression for the NF 10, 11 :
where n th ͓exp͑hV͞kT ͒ 2 1͔ 21 is the mean number of optical phonons at detuning V and temperature T ;h is Planck's constant over 2p; k is Boltzmann's constant; V v a 2 v p v p 2 v s ; and v j for j p, s, a is the angular frequency of the pump, Stokes, and anti-Stokes fields, respectively. In Eq. (1), jn a͑s͒ j 2 , ͑1 1 2n th ͒ jc j , R j 2 , and jc j , v j 2 represent amplified noise seeded by vacuum f luctuations of the Stokes (anti-Stokes) mode, by thermally populated optical phonon modes coupled in by the Raman process, and by vacuum modes coupled in by the distributed loss, respectively. When the timedomain Raman response function h͑t͒ is real, its Fourier transform satisfies H ͑V͒ H ͑2V͒ ‫ء‬ . 12 This assumption is usually valid for V up to several terahertz in standard f ibers. 13 When the Raman effect 10, 11 and the linear loss are included, a series solution exists, and one obtains for a FOPA of length L
where f ͑L͒ i͕H ͑0͒ 1 ͓H ͑V͒ 2 H ͑2V͒ ‫ء‬ ͔͞2͖ 3 I p ͑0͒L eff 2 iDkL͞2 2 a a L͞4 2 a s L͞4, and where Dk b 2 V 2 is the phase mismatch with b 2 as the group-velocity-dispersion coeff icient at the pump wavelength; a j is the attenuation coeff icient for j p, a, s at the pump, anti-Stokes, and Stokes wavelengths, respectively; I p ͑0͒ jA p ͑0͒j 2 is the input pump power in watts; and the effective f iber length is def ined as L eff ͓1 2 exp͑2a p L͔͒͞a p . The function n a is the same series as m a except that the initial condition is ͑a 0 0, s ‫ء‬ 0 1͒. The function n s is the same series as m s except that the initial condition is ͑a 0 1, s ‫ء‬ 0 0͒. The coefficients a n and s ‫ء‬ n are calculated through the recursion relations
where 
The power gain seen by the signal exiting the amplif ier is G j jm j j 2 . We def ine the NF of wavelength conversion as NF a͑s͒, WC ϵ SNR s͑a͒, in ͞SNR a͑s͒, out , where a signal in a coherent state on the Stokes (anti-Stokes) side is inserted into the amplif ier and the SNR of the generated wave on the anti-Stokes (Stokes) side is measured at the output. Once again under the condition that the number of input photons over the measurement bandwidth is much greater than the FOPA gain, the NF of a WC is 11 NF j , WC 1 1
for j [ ͕a, s͖. Our setup for NF measurements is shown in Fig. 1(a) . The parametric amplif ier consists of a 4.4-km-long piece of DSF. The nonlinear coefficient H ͑0͒ is 2.0 W 21 km 21 , which was measured as in Boskovic et al. 14 By fitting the experimentally measured gain spectra to our theory, we found the fiber's zero-dispersion wavelength ͑l 0 ͒ to be 1551.16 nm and the dispersion slope ͑S 0 ͒ to be 0.057 ps͞nm 2 km, which turn out to be within 4% of the manufacturer's specifications. The measured linear loss of the fiber is 0.41 dB͞km at all wavelengths of interest. To obtain H ͑V͒, we assume that Re͓H ͑V͔͒ H ͑0͒ (i.e., we neglect the small variation of the real part of the nonlinear coefficient with detuning frequency V) and use Raman-gain coefficient g r ͑V͒͞A eff measured with an optical spectrum analyzer (OSA) to obtain Im͓H ͑V͔͒ g r ͑V͒͑͞2A eff ͒. For measurement of the Raman-gain coefficient the pump wavelength was placed at 1536 nm so that the four-wave-mixing process did not phase match eff iciently.
For the parametric gain experiments, cw pump light at a 1551.5-nm wavelength is phase modulated to suppress stimulated Brillouin scattering and then amplified to 300 mW of power. The phase modulator is driven with three rf tones of approximately 100 MHz, 300 MHz, and 2.7 GHz, each having 19 dBm of power. A 1-nm optical bandpass f ilter is used to remove the ASE light at the Stokes and anti-Stokes wavelengths that would otherwise enter the amplif ier. The relative intensity noise of the amplified and f iltered pump was too small to affect the measurements reported in this Letter. The signal source used to measure the FOPA gain is a wavelength-tunable externalcavity distributed-feedback laser. The pump and signal are coupled into the DSF with a 90͞10 coupler. The gain is measured with the OSA by comparing the cw signal power levels with and without the pump at an optical resolution bandwidth of 0.2 nm. In determining the amplif ier gain, the 1.8-dB insertion loss of the fiber was subtracted. The calibrated OSA is also used to measure parametric f luorescence power P PF after the amplifier. The measurements are corrected for the combined insertion loss of an attenuator and a polarizer (20.5 dB) inserted between the DSF and the OSA. In Fig. 1(b) we show the parametric f luorescence spectrum with the polarizer (solid curve), corrected for insertion loss, and the spectrum without the polarizer (dashed curve). The two remain equal until approximately 1.3 THz of pump-signal detuning. Thus the use of our scalar theory is justified to this Fig. 1. (a) Schematic of the experimental setup. PM, phase modulator; OBPF, optical bandpass filter; FPC1-FPC3, f iber polarization controllers. (b) Parametric f luorescence spectra with a f iber polarizer placed before the spectrum analyzer (solid curve) and compensated for its 0.9-dB insertion loss and without f iber polarizer (dashed curve). detuning and would be valid to greater detunings for a shorter-length FOPA made from the same DSF. The following equation is then used to obtain the NF spectra for the FOPA and WC:
where G is the FOPA or WC gain, B o is the optical resolution bandwidth of the measurement, and P PF is the parametric f luorescence power that is copolarized with the signal at the output of the FOPA at the measurement wavelength. We note that the second term in Eq. (9) differs by a factor of 2 from the usual formula used for measurements on conventional EDFAs. When spontaneous emission is present equally in both polarization modes, as in an EDFA, and both are detected, the measured ASE power is twice as much as what would beat with the signal. The factor of 2 in Eq. (9) arises because parametric f luorescence is produced predominantly in only one polarization mode in a single-pump FOPA; see Fig. 1(b) . The twopolarization-mode NF formula, i.e., Eq. (9) without the factor of 2, has been incorrectly cited in previous works. 1, 7 As can be seen in Fig. 2(a) , which shows the gain spectrum for parametric amplif ication, and in Fig. 2(b) , which shows the gain spectrum for wavelength conversion, the experimental data agree well with the theory. In Figs. 3(a) and 3(b) we show the NF results for the FOPA and the WC, respectively. The solid curves are plots of Eq. (1) and Eq. (8), respectively, that include the effects of the Raman process and distributed linear losses. No additional fitting parameters are used except l 0 and S 0 obtained from the f its in Fig. 2 . The dashed -dotted curves are obtained by setting distributed losses to 0. The dashed curves are obtained by also removing the Raman effect in theory by setting Im͓H͑V͔͒ 0. The data in Fig. 3 show good agreement with the theory. The differences, we believe, are due to the asymmetry observed in the measured Raman gain spectrum, which is assumed symmetric in the theory, and to polarization-mode dispersion in the large pump-signal detuning regime.
In conclusion, we have measured the NF spectra for phase-insensitive parametric amplif ication and wavelength conversion in a cw FOPA. We have shown that the inclusion of the Raman effect is necessary to properly model the quantum-limited performance of fiber parametric amplif iers and wavelength converters.
